Introduction
Particulate matter (PM) in air pollution is associated with several diseases such as asthma, cardiovascular diseases and lung cancer mortality [1] . Diesel particulate matter (DPM) are found to be responsible for most small-sized PM air pollution in urban areas [2] . DPM emitted by diesel engines consists of fine particles, including a high number of ultrafine particles (< 0.1 μm diameter) [3] . In general, most studies have shown that the smaller size of PM had the higher toxicity through the induction of oxidative stress and inflammation [2] . There is increasing evidence that inhaled particles can enter the human body via the alveolar capillary barrier. They can then translocate to the blood and directly affect the extrapulmonary organs, including the kidneys [4] [5] [6] . Other lines of evidence also suggest that certain particles induce micrometer sized gaps between endothelial cells. This effect is called nanoparticle induced endothelial leakiness (NanoEL) and may cause particles to reach other organs [7] [8] [9] . Previous research has shown that single and repeated exposure to DPM aggravates cisplatin-induced acute renal failure (ARF) in rats [4] . Recently, a longitudinal national cohort study indicated that patients with chronic kidney disease (CKD) have increased susceptibility to adverse outcomes significantly associated with long-term exposure to particulate air pollution [10] . In a CKD mouse model, prolonged pulmonary exposure to DPM aggravated renal oxidative stress, inflammation and DNA damage [11] . Another https://doi.org/10.1016/j.freeradbiomed.2019.03.008 Received 1 January 2019; Received in revised form 3 March 2019; Accepted 9 March 2019 recent study concluded that exposure to air pollution exacerbated vascular damage in patients with CKD [12] . However, the underlying molecular mechanisms are unclear.
The endoplasmic reticulum (ER) is an important organelle with multiple essential functions, such as protein folding and trafficking, calcium homeostasis and lipid synthesis [13] . In response to cellular stress, the disruption of normal folding processes results in the accumulation of misfolded proteins in the ER and cause ER stress and activates the unfolded protein response (UPR). The UPR has three major signaling pathways: activating transcription factor 6 (ATF6), inositolrequiring enzyme 1α (IRE1α) and PRKR-like ER kinase (PERK) [14] . ER stress has two opposing effects, adaptation and apoptosis. Under sustained or overwhelming ER stress, cells convert the prosurvival effects of adaptive UPR to pro-apoptotic cell death [15] . Recently, the accumulated evidence revealed that ER stress is involved in many kidney diseases, including renal fibrosis, diabetic nephropathy, ischemia-reperfusion, inflammation or osmolar contrast-induced renal injury, and genetic mutations of renal proteins [16] . However, the pathological mechanisms have not been clarified. Ding et al. indicated that airborne PM exposure aggravated high-fat diet-induced hepatic fibrosis through the ROS-ER stress-TGFβ/SMADs regulatory pathways [17] . Few published articles describe the relationship between ER stress and PM in kidney cells.
Autophagy is a process of degrading cytoplasmic constituents by eliminating specific proteins and organelles in the lysosome/vacuole. Autophagy plays a critical role in maintaining cellular homeostasis and adaptation to starvation and other stress by eliminating long-lived and misfolded proteins and invading pathogens [16, 18] . ER stress activates autophagy via complex signal transduction pathways. Moreover, autophagy and ER stress can determine the survival of cells [19] . Previous research has shown that autophagy is protective against ER stress-induced apoptosis of renal cells. Furthermore, inhibition of mTORC1 has potential therapeutic effects on ER stress-related kidney diseases [20] . Our previous study demonstrated that HIF-1α-induced autophagy may have a protective role in adaptation to the toxicity of zinc oxide nanoparticles in kidney cells [21] . Another recent study found that PM 2.5 (PM with diameter below 2.5 μm) exposure induces cytotoxicity and autophagy in human umbilical vein endothelial cells and that autophagy plays a protective role against PM 2.5 -induced cytotoxicity [22] . Recent evidence shows that PM exposure induces the autophagy of macrophages through the oxidative stress-mediated PI3K/AKT/mTOR pathway [23] . In the present study, the whole-body exposure system was located in a traffic-dominant urban area, which is near a highway and an expressway. We analyzed kidney damage in a rat model of whole-body exposure to traffic-related PM. Furthermore, we investigated the effect of DPM, which is major constituents of ambient air pollution and is obtained from commercial product, on ER stress, mitochondrial damage, autophagy and apoptosis in human kidney cell line HK-2. In addition, we evaluated the role of autophagy in DPMinduced nephrotoxicity.
Materials and methods
2.1. In a real world of whole-body exposure to traffic-related PM model Male 6-month-old Sprague Dawley (SD) rats were obtained from the BioLASCO Experimental Animal Center (Taiwan). The rats were maintained at 22 ± 2°C and 55% ± 10% relative humidity with a 12-h light/dark cycle. All experiments on rats were performed according to the guidelines of our institute (the Guide for Care and Use of Laboratory Animals, Taipei Medical University, Approval No: LAC-2015-0290).
Rats were randomized into 3 groups (5 rats per group): (1) clean air control which is housed in the Animal Center without air pollution exposure, (2) the High-Efficiency Particulate Air-filtered air (HEPA) group which is gaseous pollutant group and (3) the PM group. The real world of whole-body exposure system was located in a traffic-dominant urban area (New Taipei City, Taiwan), which is near a highway and an expressway. Our previous study showed that air pollution emitted from diesel (i.e. bus) and petrol engines (i.e. vehicle) was dominated in our study areas [24] . The nitrogen oxide (NOx), sulfur dioxide (SO 2 ), ozone (O 3 ) and methane (CH4) were referenced from the nearby traffic-related Yonghe air quality monitoring stations, which are operated by the Taiwan Environmental Protection Administration (http://taqm.epa. gov.tw/taqm/tw/) [25] . The NOx, SO 2 , O 3 and CH4 was 32.4 ± 16.6 ppb, 2.4 ± 1.0 ppb, 29.7 ± 10.3 ppb and 1.9 ± 0.1 ppm, respectively, during the study period. Urban air was directed into an omnidirectional PM inlet impactor (> 1 μm was removed by the PM inlet) and then introduced into the whole-body exposure cages. Simultaneously, the inlet air was filtered using HEPA filters for the PM control exposure group. Levels of air pollution exposed to the rats were determined from a whole-body exposure cage (without rodents) during the study period. The mass concentrations were monitored using a tapered element oscillating microbalance (TEOM, Thermo Scientific 1400a). In addition, an aerosol particle sizer (APS; TSI 3321) and a nanoparticle surface area monitor (NSAM; TSI 3550) were used to monitor the number concentration and surface area concentration, respectively. The two instruments were monitored per 5 min. An aethalometer (Magee Scientific AE31, Berkeley, CA, USA) was measured the black carbon (BC) mass concentration. The exposure was continued for 3-6 months (Nov 2016 to April 2017). The rats were sacrificed via CO 2 exposure. After euthanasia, the kidney tissues of the rats were formalin-fixed and paraffin-embedded for histopathological and immunohistochemical staining analysis.
Biochemistry tests
Whole blood samples from the treated mice were collected by intracardiac puncture and centrifuged at 2000×g for 20 min. Then blood samples were separated the serum. Biochemistry tests included blood urea nitrogen (BUN) and creatinine levels.
Detection of cystatin C by ELISA
The serum of rats was collected to measure cystatin C using ELISA (R&D Systems, Minneapolis, MN) according to the manufacturer's instructions. The optical density of the peroxidase product was read at 450 nm using an ELISA reader. The concentrations of cystatin C in each sample were determined based on the standard curve.
Histopathological and immunohistochemical (IHC) staining analysis
Paraffin-embedded kidney tissue sections were dried and rehydrated. Then microwave pretreatment in citrate buffer, the slides were immersed in 3% hydrogen peroxide for 20 min. The histopathological analysis was stained hematoxylin and eosin (H & E) and interpreted. The histological slides of kidney were evaluated for semi-quantitative analysis. A total of 20 contiguous fields (200 × ) per kidney (5 rats per group) were examined. The severity of the tubular damage was graded from 0 to 5 according to the tubular changes, such as tubular dilatation, loss of brush borders, flattening of the tubular epithelium. Tubular injury score was graded as follows: 0, normal; 1, area of tubular dilation and attenuated brush border involving < 10%; 2, lesion area between 10 and 20%; 3, lesion area between 20 and 30%; 4, lesion area between 30 and 40%; and 5, lesions involving > 40% of the field. Tissue sections were immunohistochemically incubated for 2 h at room temperature with the anti-LC3 (PM036; MBL, Japan), anti-IRE1α (NB1002324, Novus Biologicals, USA) or anti-cleaved-caspase 3 (9662; Cell Signaling Technology, USA) antibodies. The sections were then incubated with a secondary antibody for 1 h and the slides were developed using a STARR TREK Universal HRP detection kit (Biocare Medical, Concord, CA). Finally, the slides were stained using hematoxylin.
Cell culture and DPM treatment
The human kidney proximal tubular epithelial cell line HK-2 (ATCC: CRL-2190) was obtained from the American Type Culture Collection (ATCC). Cells were maintained under standard growth conditions in a Data are presented as the mean ± SD (n = 5 rats at each group of treatment). The statistical differences were analyzed by one-way ANOVA. IHC was used to determine the expression levels of (C) LC3, (D) IRE1α and (E) cleaved-caspase-3 in kidney tissues. The rats were exposed to traffic-related PM for 3 and 6 months. The percentage of positive cells were analyzed using HistoQuest software (TissueGnostics). Scale bar = 50 μm.
humidified incubator in keratinocyte serum-free medium (K-SFM) with 5 ng/ml recombinant epidermal growth factor and 40 μg/ml bovine pituitary extract (17005042; Gibco BRL, Grand Island, NY) at 37°C and 5% CO 2 . For exposure to DPM (NIST2975; Sigma Chemical Co., St. Louis, MO), 2.5 mg/ml fresh stock solutions were prepared before every experiment. The reagent was added in a concentrated form to the culture medium and mixed gently.
Cell viability assay
20 μl cell suspension was mixed with 20 μl Trypan blue solution. The mixture was placed on a hemocytometer, and the Trypan bluestained cells were counted as nonviable. The non-exposed cells were used for calculating 100% cell viability.
Measurement of mitochondrial membrane potential and ROS production
To analyze mitochondrial ROS production, cells were added with 5 μM MitoSOX Red (M36008; Invitrogen, USA) for 10 min at 37°C. The fluorescence images for MitoSOX Red were collected using a 
Annexin V and propidium iodide (PI) staining assay
Apoptosis and necrosis were quantified using a FITC Annexin V with PI apoptosis detection kit according to the manufacturer's protocol (640914; BioLegend, CA, USA). Stained cells were counted using a flow cytometer (Becton Dickinson, CA, USA). The apoptotic and necrotic cells are presented as a percentage of the total cell number.
Immunofluorescence and confocal microscopy
The cells which were cultured on coverslips after treatment were fixed in 4% paraformaldehyde for 10 min and blocked with 1% BSA for 30 min. The coverslips were incubated with a specific antibody against LC3 (PM036; MBL, Japan) for 1 h. After washing, the cells were labeled with DyLight™ 488-conjugated AffiniPure goat anti-rabbit IgG (111-095-003; Jackson ImmunoResearch Laboratories, PA) for 1 h and with 4',6-diamidino-2-phenylindole (DAPI) (D1306; Invitrogen). Finally, the cells were washed three times and observed with a fluorescence microscope or confocal microscope (Leica TCS SP5).
Transmission electron microscopy (TEM)
The cells were added in a solution containing glutaraldehyde and paraformaldehyde in cacodylate buffer for 1 h. Then, the samples were fixed with OsO 4 buffer for 30 min. Ultrathin sections were examined using a transmission electron microscope (Hitachi HT-7700).
Western blot analysis
The total protein from cell lysates was prepared by extraction buffer as described previously [26] . Proteins isolated from the cells (30 μg/ lane) and HR Pre-Stained Protein Marker 10-170 kDa (BIOTOOLS, Taiwan) were loaded on SDS gels, subjected to electrophoresis, blotted, probed using antibodies and detected using a chemiluminescence detection system (32209; Thermo Scientific, Waltham, MA). The expression of GAPDH was used as the protein loading control. Anti-Beclin 1 (3738), anti-Bcl-2 (2876), anti-p-Akt (9275), anti-Akt (4685), anti-pmTOR (5536), anti-mTOR (2983), anti-p-eIF2α (3398), anti-eIF2α (5324), anti-pro-caspase 3 (9662), anti-cleaved-caspase 3 (9662), antipro-caspase 9 (9508), anti-cleaved-caspase 9 (9508), anti-GAPDH (2118), anti-IRE1α (3294) and anti-LC3 (4108) antibodies were obtained from Cell Signaling Technology (Ipswich, MA); anti-p62/ SQSTM1 (PM045) antibody was obtained from MBL (Nagoya, Japan); anti-ATF6 (24169-1-AP) antibody was obtained from Proteintech Group (Chicago, IL).
RNA interference (RNAi)
We utilized a TransIT-X2
® Dynamic Delivery System (MIR6000; 
Statistical analysis
We analyzed the differences in continuous variables (presented as the mean ± standard deviation [SD]) between groups using the twosample t-test or one-way analysis of variance (ANOVA) combined with a post-hoc Bonferroni test. All statistical tests were performed at a twosided significance level of 0.05.
Results

Whole-body exposure to traffic-related PM
To further investigate the nephrotoxicity of PM, the rats were exposed to traffic-related PM by the whole-body exposure system. The rats were exposed to 6 months of traffic-related PM, as shown in Table 1 . The temperature and relative humidity (RH) during the study period were 19.9 ± 3.6°C (11.6-28.6°C) and 76.5 ± 8.8% ). For the serum biochemical analyses (5 rats per group), the levels of BUN and creatinine were significantly elevated in the PM-treated rat group (Table 2) . Previous research has shown that serum cystatin C is a simple, accurate, and rapid marker of glomerular filtration rate in research and clinical practice. In a meta-analysis, cystatin C was superior to serum creatinine as a marker of kidney function [27] . Our results showed that the PM group also increased cystatin C at 3 and 6 months of exposure (Table 2) . Furthermore, the sections of kidneys were stained with H & E and processed for histological observations. The histopathological lesions of the kidneys showed tubular dilatation, loss of brush borders, flattening of the tubular epithelium and glomerular atrophy of the PM group (Fig. 1A) . The mean tubular injury score found in the PM group were higher than in the HEPA group (Fig. 1B) . Tubulointerstitial injury was minor and similar in normal and the HEPA group. We further evaluated the effects of PM on activation of autophagy, ER stress and apoptosis. As seen in Fig. 1C-E, LC3 , IRE1α, and cleaved-caspase 3 expression were increased in the PM-treated rat group. These results confirm that PM in urban ambient air affects kidney function and induces autophagy, ER stress and apoptosis in kidney cells. 
Cytotoxic effects, mitochondrial damage and apoptosis and necrosis in HK-2 cells treated with DPM
The rat model of whole-body exposure system was located in downtown New Taipei City, where most of the PM is attributed to traffic. Therefore, we used DPM, which is obtained from commercial product, to assess the cytotoxic effects in human kidney tubular epithelial cell line HK-2. The results showed that DPM decreased HK-2 cell viability in a concentration-dependent manner ( Fig. 2A) . Furthermore, DPM significantly increased mitochondrial reactive oxygen species (ROS), as assessed by MitoSOX Red staining in HK-2 cells (Fig. 2B and  C) . We evaluated the mitochondrial membrane potential by TMRE. The results showed that DP significantly reduced mitochondrial membrane potential ( Fig. 2D and E) . To discriminate apoptotic and necrotic cell death, the cells were stained with Annexin V-FITC and PI and counted using flow cytometry (Fig. 3A-C) . Compared to the controls, DPM-exposed cell displayed significantly increased apoptosis, measured as Annexin V-positive cells (Fig. 3B) . Additionally, we observed increased expression of the apoptotic-associated proteins cleaved-caspase 3 and cleaved-caspase 9 following DPM treatment. DPM inhibited the antiapoptotic protein Bcl-2 in HK-2 cells (Fig. 3D) . In addition, increases in necrotic cells were seen after 24 h exposure to DPM (Fig. 3C) .
DPM induces ER stress and autophagy in HK-2 cells
Previous research has shown that PM exposure induces hepatic fibrosis through the ROS-ER stress-TGFβ/SMADs pathway [17] . Next, we investigated whether DPM treatment induced ER stress in HK-2 cells. Therefore, we measured the expression of ER stress-associated proteins and found dose-dependent increases in the expression of IRE1α, peIF2α and cleaved ATF6 in the cells treated with DPM compared to the control cells (Fig. 4A) . ER stress activates the signaling pathways involved in apoptosis and autophagy [28] . ER stress facilitates the formation of autophagosomes, and the induction of autophagy enables the removal of toxic misfolded proteins [29] . Microtubule-associated protein light chain 3 (LC3) is used as a marker to monitor autophagy [30] . Thus, we used fluorescence microscope to determine the percentage of cells with punctate LC3 staining ( Fig. 4B and C) . The results showed that DPM increased the LC3 signals in HK-2 cells in a concentrationdependent manner. Furthermore, Furthermore, we detected the expression of the autophagy-related proteins using Western blotting with lysates from HK-2 cells treated with DPM (Fig. 4D) . The expression levels of the LC3-II, p62 and Beclin 1 proteins increased with DPM treatment. Previous studies have demonstrated that the Akt/mTOR pathway is the major regulatory pathway that inhibits autophagy [31, 32] . Treatment with DPM significantly suppressed p-Akt and p- (Fig. 4E) . Next, the ultrastructures of HK-2 cells treated with DPM were observed by TEM (Fig. 4F) . Untreated cells showed limited autophagic vacuoles in the cytoplasm. However, we found a greater number of autophagic compartments in the DPM treated cells compared with the control cells. Moreover, we observed that DPM induced ER dilation. Altogether, these results indicate that DPM exposure induces ER stress and autophagy in HK-2 cells.
Autophagy inhibition abrogates the survival of HK-2 cells and increases the DPM-induced apoptosis
Autophagy plays dual roles in cell survival and cell death [33] . To further study the role of autophagy, we utilized Beclin 1 siRNA to inhibit Beclin 1 expression in HK-2 cells. As shown in Fig. 5A , the Beclin 1 protein level was significantly decreased in cells treated with Beclin 1 siRNA. We next examined whether Beclin 1 inhibition changes cytotoxicity. We observed increased DPM-induced cytotoxicity in the HK-2 cells following Beclin 1 knockdown (Fig. 5B) . The relationship between autophagy and apoptosis is complex and many stimuli can induce both processes. In many cases, autophagy is a survival mechanism through which the cells adapt to escape cell death by apoptosis [34] . We found that Beclin 1 siRNA-transfected cells displayed significantly increased DPM-induced apoptosis compared to those treated with the control siRNA (Fig. 5C ). In addition, HK-2 cells transfected with Beclin 1 siRNA had increased cleaved-caspase 3 and cleaved-caspase 9 levels (Fig. 5D) . These results suggest that autophagy is a protective part in DPM-induced cytotoxicity.
Discussion
The ER is a large membranous network and the major component site for almost all secretory and integral membrane proteins. The nascent proteins enter the ER, where they are folded and assembled into higher order complexes [14, 35] . The protein-folding capacity of the ER is easily saturated under various physiological and pathological stresses such as glucose deprivation, environmental toxins, viral infection, oxidative injury, hypoxia and aging [14] . Previous studies have indicated that DPM induces ER stress and proinflammatory effects in human bronchial epithelial cells [36] . Furthermore, ER function play an important role in kidney cells. Protein misfolding and ER stress are involved in various renal diseases [37] . In this study, the in vivo model was done in a real world of whole-body exposure to traffic-related PM and the in vitro study used DPM obtained from commercial product. Although they are different particles, DPM is major constituents of traffic-related air pollution. Therefore, the traffic-related PM and DPM caused the similar effects in kidney cells. In this study, we found that DPM induced ER stress and caused ER dilation in HK-2 cells (Fig. 4A  and F) . In a rat model, IRE1α expression in kidney tissues was increased in the PM-treated rat group (Fig. 1D) . The induction of ER stress may be Fig. 6 . The pathways and effects of PM in kidney cells. PM increases mitochondrial ROS and reduces mitochondrial membrane potential. Furthermore, PM induces ER stress and then causes apoptosis and autophagy. PM-induced autophagy may be mediated by the inhibition of the Akt/mTOR signaling pathway. Inhibition of autophagy by Beclin 1 siRNA increases the cytotoxicity, indicating a protective mechanism of autophagy. In addition, autophagy can suppress apoptosis. PM activates the caspase pathway and then induces apoptosis, eventually leading to nephrotoxicity. cytotoxic by activating apoptosis, or it may be cytoprotective by activating the UPR to interact in a coordinated manner with autophagy to relieve protein misfolding [37] . A previous study reported that DPM exposure inhibits PI3K/Akt activity and induces endothelial apoptosis [38] . In an in vitro human umbilical vein endothelial cells (HUVEC) model, DPM generated ROS and then induced autophagy and apoptosis [39] . Multiple factors cause ROS-mediated ER stress and lead to cell death by PERK pathway activation and caspase-12 cleavage in kidney cells [40] . Another recent study indicated that ROS generation induced through ER stress [41] . We observed apoptosis induction through the activation of caspase pathways and the inhibition of anti-apoptotic protein Bcl-2 following DPM treatment in HK-2 cells (Fig. 3A, B and D) . In addition, increases in necrosis were seen following DPM exposure (Fig. 3A and C) . However, DPM not only induced apoptosis but also autophagy (Figs. 3 and 4) . In a rat model of whole-body exposure to traffic-related PM, PM affected kidney function and induced autophagy and apoptosis in kidney tissues (Table 2 and Fig. 1C and E) . Moreover, DPM suppressed the Akt/mTOR pathway, which negatively regulates autophagy (Fig. 4E) .
In one report, DPM exposure for 1 month enhanced cardiac mitochondrial oxidative stress in both healthy and hypertensive rats [42] . In bronchial epithelial cells and macrophages, DPM induced cytotoxicity and caused mitochondrial damage, which showed organelle morphological changes, a decrease in the mitochondrial membrane potential, superoxide production, and ATP depletion. Furthermore, DPM induced cellular apoptosis and necrosis through perturbation of the mitochondrial permeability transition pore [43] . The kidneys are highly metabolic organs that produce vast quantities of ATP and contain many mitochondria. Therefore, mitochondria play a critical role in kidney function. Previous studies have demonstrated that excessive mitochondrial ROS are involved in the pathogenesis of many kidney diseases [44, 45] . When mitochondria become dysfunctional through long term exposure to environmental toxicants, they produce more ROS and less cell energy [46] . Mitochondrial injury in the kidney causes three outcomes: 1) mitochondrial injury leads to oxidative stress; 2) decreased mitochondrial membrane potential causes the release of cytochrome c and then activation of caspase pathways that lead to apoptosis in renal cells; and 3) the cells attempt to remove damaged mitochondria through autophagy [46, 47] . Our current findings show higher mitochondrial ROS levels in the HK-2 cells exposed to DPM than the controls (Fig. 2B and C) . Furthermore, DPM significantly reduced the mitochondrial membrane potential ( Fig. 2D and E) . However, the role of autophagy in regulating cell death or survival remains controversial. Autophagy may remove dysfunctional mitochondria, therefore reducing ROS, but if excessive mitochondria are removed, then the viability of the cells is affected [47] . In some kidney diseases, autophagy may play a cytoprotective role in maintaining renal cell homeostasis [37] . Previous research has shown that the addition of the autophagy inhibitor 3-methyladenine enhances cell death in glomerular epithelial cells [48] . Another recent study concluded that inhibition of autophagy enhances aldosterone-mediated apoptosis in podocyte [49] . In the present study, we found that autophagy inhibition abrogated the survival of HK-2 cells and increased DPM-induced apoptosis (Fig. 5) . These results suggest that autophagy may be a protective mechanism in DPMinduced cytotoxicity.
In the present study, DPM induced the activation of the UPR pathway and ER stress in kidney cells (Fig. 6) . Moreover, DPM caused mitochondrial damage by increasing mitochondrial ROS and reducing mitochondrial membrane potential, eventually leading to nephrotoxicity. In addition, DPM induced autophagy by inhibiting the Akt/mTOR pathway. In this condition, autophagy may play a cytoprotective role in DPM-induced nephrotoxicity. In a rat model of wholebody exposure to traffic-related PM, PM in urban ambient air affected kidney function and induced autophagy, ER stress and apoptosis in kidney tissues. This study provides experimental evidence both in vitro and in vivo that exposure to particulate air pollution can cause kidney damage. Based on these results, we conclude that efforts to improve air quality in the future might ease the burden of kidney disease.
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